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Abstract 

Thermal analysis increasingly being used to obtain kinetic data relating to sample decompo- 
sition. This work involves a comparative study of several methods used to analyse DSC and 
TG/DTG data obtained on the oxidation of Beypazari lignite. A general computer program was 
developed and the methods are compared with regard to their accuracy and the ease of interpre- 
tation of the kinetics of thermal decomposition. For this study, the ratio method was regarded as 
the preferred method, because it permits the estimation of reaction order, activation energy and 
Arrhenius constant simultaneously from a single experiment. 

Keywords: activation energy, combustion, differential scanning calorimetry, kinetics, lignite, 
oxidation, thermogravimetrie analysis 

Introduction 

Thermal analysis is defined by the International Confederation for Thermal 
Analysis as including all techniques with which the change in a physical prop- 
erty of a substance and/or of its reaction products is measured as a function of 
temperature while the substance is subjected to a controlled temperature pro- 
gram. 

Non-isothermal methods of determining reaction kinetics continue to be 
studied. During recent years, several methods have been developed to allow the 
kinetic analysis of TG and DSC data, but few attempts have been made to com- 
pare them critically. Kinetic parameters for the thermal degradation of solids 
have been determined from thermogravimetric data obtained at single heating 
rates in a number of studies [1, 2]. 
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Friedman [3] recently performed kinetic calculations based on measure- 
ments made at four different heating rates. This method makes use of the fact 
that the TG curves are shifted to higher temperatures with increasing rates. 
Michelson and Einhorn [4] compared three different methods with regard to 
their accuracy and the ease of interpreting the kinetics of thermal decomposi- 
tion. Dollimore and Heal [5] demonstrated that non-isothermal traces of 
thermal decompositions of solids must fit the equation developed by Freeman 
and Carroll [6] for the kinetic analysis of 'n-order' reactions, even if they follow 
a quite different mechanism. Flynn [7] developed a general differential method 
in which the activation energy and pre-exponential factor are determined as 
functions of the degree of conversion from sets of two or more experiments with 
different thermal programs. Chen et al. [8] developed computer programs to 
evaluate kinetic analysis findings from non-isothermal thermogravimetric data 
based on single and multi-heating rate procedures. The single heating methods 
include the differential and integral calculations, while the multi-heating rate 
methods include those of Friedman approximation. Zsak6 et al. [9] developed 
computer programs for three integral methods of deriving kinetic parameters 
from TG curves. The first method is a computerized variant of Doyle's [10] 
curve-fitting method and performs the calculation of the exponential integral by 
means of the author's empirical formula. The other two methods are variants of 
the Coats-Redfern [11] linearization method. Testing of the methods on both 
theoretical and experimental TG curves shows them to be almost equivalent. 
~est~ik [12] compared the kinetic results calculated by five different methods. 
From these calculations, it was found that the deviations of the computed values 
of activation energy did not differ by more than 10%. Thus, all the methods ap- 
pear to be satisfactory for the calculation of activation energy within the limits 
of accuracy required. 

A method which measured the heat evolution of solutions and solids by DSC 
was first described by Borchardt and Daniels [13]. Rate constants and activation 
energies are calculated from the analysis of DSC curves. Hugo et al. [14] pre- 
sented a new evaluation method for determining the kinetic parameters of a 
chemical reaction from DSC measurements. This method evaluates a series of 
DSC curves at different heating rates. The activation energy, the pre-exponen- 
tial factor and a general description of the concentration dependence of the 
reaction rate are obtained. 

Yang and Steinberg [15] proposed a model for determining the kinetic pa- 
rameters from a single DTA curve for a general nth-order reaction. Liu et al. [6] 
modified the Yang and Steinberg model and obtained a fairly convenient one. 
However, both methods are still complicated and have to be solved by a trial and 
error approach. Blecic et al. [17] introduced the least squares method to calcu- 
late the kinetic parameters from a single DTA curve. However, the validity of 
this method is limited to values of E/RT less than unity. 
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In the present work, the thermal decomposition of Beypazari lignite was 
studied by using DSC and TG/DTG techniques; kinetic parameters were esti- 
mated and compared by means of eight different methods. 

Experimental 

The sample studied was Beypazari lignite (Table 1), ground to a particle size 
of <60 mesh and prepared according to ASTM standards. It is believed that for 
such a small particle size the effect of temperature distribution within the sam- 
ple particles is eliminated. In order to obtain a homogeneous structure 
throughout the experiments, the lignite sample was dried in an oven at 110~ 
for 2 h. 

Table 1 Properties of Beypazari lignite 

Proximate analysis 

Moisture/ % 8.60 

Volatile matter/% 29.95 

Ash/% 36.40 

Fixed carbon/% 25.05 

Calorific value/kJ moF t 16135 

Ultimate analysis 

Carbon/% 37.95 

Hydrogent% 2.90 

Nitrogen/% 1.40 

Oxygen/% 7.66 

Sulphur/% 4.79 

All the experiments were performed with DSC and TG/DTG equipment at- 
tached to the DuPont 9900 thermal analysis system. Thermal experiments were 
conducted with a sample size of 10 mg in the temperature range 20-700~ The 
gas flow rate which supplied excess oxygen during the experiments was kept 
constant at 53 ml min -t. The constant heating rate for TG analysis was 
10~ rain -~. For determination of the kinetic parameters of the sample by means 
of the ASTM method, experiments were performed at 5 different heating rates 
(5, 10, 15, 20 and 25~ min-~), and for reproducibility each experiment was 
repeated twice. 

The DSC equipment was calibrated for temperature readings by using in- 
dium as standard for reference. In this calibration, indium was heated from am- 
bient temperature to 175~ at five different heating rates and the necessary 
temperature corrections were made. The TG/DTG system for temperature read- 

J. Thermal AnaL, 46. 1996 



1660 KOK, OKANDAN: COMBUSTION OF LIGNITE 

~0" 

20- 

A 

E 
v I0 

g 

409. 52  "C 
ol /s t :  

- J o  o "" ,~o zbo 3do' ' 4~o ' ~do 600 
T e m ~ m t u r l  ~C3 

Fig. 1 DSC curve of Beypazari lignite 

ings was calibrated with calcium oxalate monohydrate. Before the TG/DTG 
equipment could be used for quantitative estimation of mass changes during 
combustion experiments. It was essential to calibrate the balance for buoyancy 
effects up to 700~ The material chosen for this purpose was silver, which has 
a melting point of 960.8~ A run using silver was performed at a heating rate 
of 10~ min -~ and the apparent mass changes were recorded as a function of 
temperature. DSC and TG/DTG curves obtained during the combustion of Bey- 
pazari lignite are presented in Figs 1, 2 and 3. 

Methods used for kinetic analysis 

The calculation of kinetic data is based on the formal kinetic equation 

d a / d t  = k a  ~ 

where a is the amount of sample undergoing reaction, n is the order of reaction 
and k is the specific rate constant. The temperature dependence of k is ex- 
pressed by the Arrhenius equation: 

k = A e x p ( - E / R T )  

where A is the Arrhenius constant, E is the activation energy and R is the gas 
low constant. 
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Fig. 4 Inv. temp. vs .  log of heating rate (ASTM-1) 

Methods for analysing DSC data 

ASTM method I [18] 

In this method, the sample temperature is increased at linear heating rates 
(5, 10, 15, 20 or 25~ min -~) and any exothermic peaks are recorded (Fig. 3). 
The reciprocals of the temperatures at which the reaction peak maxima occur 
are plotted as a function of the log of the respective heating rates (Fig. 4). In 
this method, a trial and error procedure is used and the activation energy is cal- 
culated from the slope as follows; 

E = -2.19R{d log~013/d(1/T)} 

where 13 is the heating rate. 

ASTM method 2 [18] 

An alternative method for calculating activation energies according to 
ASTM standards is also proposed. In this method, -ln(13/T 2) is plotted vs. 1/T 
and the activation energy is calculated from the slope as follows: 

E = {R d[-In(13/T2)]}/d(I/T) 
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Roger and Morris method [19] 

A kinetic model developed by Roger and Morris gives a means of estimating 
activation energies from DSC curves. The recorded DSC data are in the form 
of distances between the curve and the baseline at the associated absolute tem- 
perature. This distance is proportional to the rate constant. The activation en- 
ergy can be calculated from the following expression: 

-E  = R {(In Dl-ln D2)/(1/TI-I/T2)} 

where DI and D2 are two distances from the baseline at the associated tempera- 
tures 7"i and T2. The effect of the heating rate on the kinetic parameters of the 
samples studied was also investigated [20] and the results are given in Table 2. 

Table 2 Peak temperature and activation energies of Beypazari lignite from DSC data at different 
heating rates using Roger & Morris method [19] 

Heating rate/~ min -j T~_.~k/~ E/kJ moF ~ 

5 387 63 

10 409 69 

15 422 66 

20 432 69 

25 437 65 

M e t h o d s  fo r  ana lys ing  T G / D T G  da ta  

n= l method [21-23] 

In this method, since the measured rate of mass loss accounts for gross 
changes in the system, the Arrhenius-type reaction model assumes that the rate 
of mass loss of the total sample is dependent only on the rate constant, the mass 
of sample remaining (w) and the temperature. The final form of the equation is 
as follows: 

log{(dw/dt)/w} = log A-E/2.303RT 

In the plot of log{(dw/dt)/w} vs. 1/T, there appear to be regions of marked 
linearity. The slope of such a linear portion is proportional to the activation en- 
ergy, and the intercept to the Arrhenius constant (Fig. 5). 

Coats and Redfern method [11] 

Coats and Redfern developed an integral method which can be applied to 
TG/DTG data, assuming the order of the reactions. The correct order is pre- 
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sumed to lead to the best linear plot, from which the activation energy is deter- 
mined. The form of the equation which is used for analysis is 

log{1-(1-a)~-"/T2(1-n) } = Iog{ (AR/fJE)(1-2RT/E)-(EI2.303RT) } 

where 13 is the linear heating rate. Thus, a plot of log{ 1-(1-a)~-"/T2(1-n)} vs. 
1/T should result in a straight line of slope = -E/2.303R for the correct value 
of reaction order (Fig. 6). In this study, the reaction order was assumed to be 
1/2, 2/3, 1, 3/2 or 2. The activation energies obtained with these reaction or- 
ders are given in Table 3. It was concluded that the reaction order was between 
2/3 and 1. 

Ratio method [24] 

This method, which was based on the Arrhenius kinetic model, was devel- 
oped by Michelson and Einhorn. The kinetic model assumed in this method is 
of the form 

(-dw/d0 = A exp(-E/RT)w" 

The form of the equation used to estimate kinetic parameters is 

log{(-dw/dt)ff(-dw/dt)~} = E/2.303R{(Tj-TO/T~Tj)}Iog(wdwj)" 
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Table 3 Activation energy from Coats & Redfern [11] method using TG/DTG data 

Reaction order E/kJ mol -I Corr. eoeff. 

1/2 68 0.996 

2/3 72 0.997 

1 76 0.999 

3/2 85 0.995 

2 96 0.987 

In the plot of log{(-dw/dt)i/(-dw/dt)j } vs. {(Tj-Tq)l(T~Tj)}log(wi/wj)", there ap- 
pear to be regions of linearity with slope = -E/2.303R and intercept =n.  In 
this method, the ratio must be chosen to be near unity to yield enough data 
points for determination of a reliable correlation covering the desired portions 
of the DSC curves. In this study, TG/DTG curves were analysed for a selected 
ratio of 1.1. 

Maximum point method [241 

The TG/DTG curves of the samples show that the rate of decomposition has 
a maximum and the kinetic parameters can be determined from the point at 
which this maximum occurs. The calculations involved in determining the ki- 
netic parameters are simple to perform. The following relationship was used to 
determine the activation energy and Arrhenius constant: 
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E = RT2/{w(-dwldT)} 

A = ([JE/RT2)exp(E/RT) 

where p is the heating rate, w is the fraction of material remaining at the maxi- 
mum rate of mass loss and T is the absolute temperature at the maximum rate 
of mass loss. Since the calculations are simple, many thermoanalytical curves 
may be examined in a short time. The major disadvantage of this method is that 
the kinetic parameters are determined from a single point in the thermoanalyti- 
cal curves, which means that the researcher must accept the power-model equa- 
tion blindly. 

lngraham and Marier method [25] 

Ingraham and Marier developed a simplified method for the determination 
of a heterogeneous reaction exhibiting linear kinetics. The rate constant may be 
expressed as k=dwldt where dw represents the loss in mass from unit area in 
the period of time dt. The temperature at any time is T=b+fSt, where [3 is the 
heating rate and b is the initial temperature. They showed that, if dt is replaced 
by dT/a, then 

log(dw/dT) = log T-log[3 + logA-E/2.303RT 

The activation energy is calculable from the slope of the plot 
[log(dw/dT)-logT+ logfJ] vs. 1/T. 

Discussion and comparison of methods 

The non-isothermal kinetic study of mass loss during a combustion process 
is extremely complex, because of the presence of numerous components and 
their parallel and consecutive reactions. Five different methods, all based on the 
Arrhenius kinetic theory, were used for the kinetic analysis of the TG/DTG data 
and three different methods were used to determine the kinetic parameters from 
the DSC data. In all these methods, calculations were performed to estimate the 
kinetic parameters as activation energy, Arrhenius constant and reaction order. 
The computer programs written allow the kinetic parameters to be determined 
by regression analysis, the slope and intercept of a straight line being calculated 
by curve fitting. 

Analysis o f  DSC data 

The two methods called ASTM methods, used to evaluate DSC data for the 
estimation of kinetic parameters, assume that n= 1 and involve a similar kinetic 
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model that includes the heating rate. The calculated activation energies were 
therefore similar (Table 4). 

Table 4 Comparison of kinetic data obtained using different methods 

Method E/El moF t Arrh. eonst./1 min -1 Reaction order 

n = 1 66.0 1.2E+04 1.0 

Coats & Redfern 76.0 2.8E+ 04 1.0 

Ratio 63.0 1.0E+04 1.09 

Max. Point 84.5 2.8E+06 1.0 

lngra. & Marrier 82.0 2.6E+06 1.0 

ASTM-1 66.0 1.4E+ 04 1.0 

ASTM-2 66.0 1.4E+ 04 1.0 

Roger & Morris 69.0 3.4E+04 1.0 

The Roger and Morris [19] method utilizes the distance from the baseline to 
the DSC curve at points below the decomposition temperature. The effect of the 
heating rate on the activation energy E is given in Table 2: E was in the range 
63-69 kJ tool -1 [20]. 

Analysis of TGIDTG data 

The method were n= 1 was assumed a priori for the calculations permits es- 
timations of the activation energy and Arrhenius constant from the linear plot 
of log{(dw/dt)/w} vs. 1/T (Fig. 5). 

The Coats and Redfern [11] method involves a trial and error procedure, 
where the reaction order is estimated until the best straight line is obtained from 
log{1-(1--~)l-*/T2(1-n) vs. I/T plots. The activation energy and Arrhenius 
constant are then calculated from the slope and intercept, respectively (Ta- 
ble 3). 

In the maximum point method, only the peak temperature as recorded in the 
DTG curve and the derivative of the TG curve with respect to temperature at 
that maximum point are used for estimation of the activation energy and Ar- 
rhenius constant. Since a single point is used for evaluation, it is not expected 
that representative values are possible. This can also be seen in Table 4; the 
maximum activation energy was estimated with this method. 

In the Ingraham and Marier [25] method, the estimation procedure incorpo- 
rates the rate sample heating during the test. This method also assumes a unit 
reaction order. The activation energy value estimated is one of the highest (Ta- 
ble 4). 

In the ratio method [20], the reaction order and activation energy are esti- 
mated from the slope and intercept of the straight line portion of the 

J. Thermal AnaL, 46, 1996 



1668 KOK, OKANDAN: COMBUSTION OF LIGNITE 

log{(--dw/dt)j(-dw/dt)i} vs. {(Ti-Ti)/(TiTj)}log(wi/wj)* curve. The method in- 
volves a critical step of selecting the best ratio for Tj and T~ and corresponding 
(-dw/dt)j(-dwldt)i values. A ratio that gives a large number of data in the reac- 
tion interval gives a better-defined straight line. Table 4 shows that the reaction 
order for lignite oxidation is 1.09. With this method, it was possible to justify 
why n = 1 as assumed in the above methods was an acceptable assumption. 

In this work, the ratio method was the preferred method because it enabled 
us to estimate reaction order, activation energy and Arrhenius constant simulta- 
neously from the experimental data. 

Conc lu s ions  

This work compared eight different analysis procedures proposed in the lit- 
erature, i.e. five methods for TG/DTG data and three methods for DSC data, 
for solid fossil fuel oxidation. 

The Beypazari lignite sample used in this research had a calorific value of 
16135 kJ mol -l, a 36.4% ash content and an 8.6% moisture content. 

The heating rate during the experiments was 10~ min-~; only the ASTM 
methods for DSC analysis necessitated data obtained at different heating rates. 

The reaction order as estimated from the ratio method for lignite oxidation 
is unity. The activation energy was 63 kJ mol -~ and the Arrhenius constant 
1.0 E+0 .4  min -1 under the test conditions applied. 

Of all the methods studied, the ratio method was preferred because it was 
possible to estimate reaction order, activation energy and Arrhenius constant si- 
multaneously from a single experiment. 

The experimental part of this research was supported in part by NATO-SFS Project TU-En- 
ergy II. The authors express their appreciation to the NATO-SFS program for providing financial 
support for this project. 
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